Objective: To determine the short-term and long-term effects of dichlorphenamide (DCP) on attack frequency and quality of life in hyperkalemic (HYP) and hypokalemic (HOP) periodic paralysis.
The periodic paralyses (PPs) are inherited skeletal muscle channelopathies characterized by attacks of weakness associated with serum potassium change, and typically triggered by exercise followed by rest.
1-3 Hypokalemic PP (HOP) is caused by mutations in CACNA1S in the majority 4, 5 ; a small proportion (,10%) is due to SCN4A mutations. [6] [7] [8] [9] [10] Hyperkalemic PP (HYP) is caused by mutations in SCN4A. 11, 12 Although the PP are seldom fatal, they cause major disability and persistent interattack weakness may develop. 13, 14 There is no established standardized treatment. [15] [16] [17] [18] It has been suggested that dichlorphenamide (DCP) may be more effective than acetazolamide 15, 19, 20 in both preventing attacks and improving interictal strength in PP. 21 In 2000, 2 randomized, double-blind, placebo-controlled crossover trials 22 showed that DCP was effective in the prevention of episodic weakness in both HOP and HYP. These initial crossover trials had a short follow-up duration and did not assess quality of life. We report the results of 2 multicenter randomized, double-blind, placebo-controlled parallel-group trials of DCP in HOP and in HYP. A 9-week double-blind phase was followed by a 1-year uncontrolled extension phase during which all participants received DCP to determine the short-and long-term effects of DCP.
The study is listed on clinicaltrials.gov (NCT00494507).
METHODS Primary objective. To determine the short-term (with Class I evidence) and long-term (with Class II evidence) effects of DCP on attack frequency and quality of life in HYP and HOP.
Study design. Two trials (HOP and HYP) were conducted with the same protocol. Each trial was divided into 2 phases: a randomized, double-blind, placebo-controlled 9-week phase followed by a 1-year uncontrolled extension phase during which all participants received treatment with DCP. The original design included an acetazolamide group in each trial. There is a widespread view among PP patients that acetazolamide is inferior to DCP (based on personal experience or that of family members) so the acetazolamide arm had to be abandoned to facilitate recruitment. Randomization began in April 2007 and follow-up ended in November 2013.
Standard protocol approvals, registrations, and patient consents. The protocol was approved by the institutional review board at each of the 12 participating centers: 10 in the United States, 1 in the United Kingdom, and 1 in Italy. All participants gave written informed consent. The trial sponsor (National Institute of Neurological Disorders and Stroke) established a Data and Safety Monitoring Board that monitored the study (but did not review efficacy outcomes).
Participants. Men and women aged 18 years and older with genetically definite, clinically definite, or clinically probable HOP or HYP defined according to accepted diagnostic criteria 17, 23 (table e-1, appendix e-1, and appendix e-2 on the Neurology ® Web site at Neurology.org) were eligible. Participants were required to have distinct regular episodes of weakness with an average frequency of at least 1 per week and fewer than 3 per day either on or off treatment. Exclusion criteria are set out in table e-2.
Randomization and blinding. Participants were randomized to DCP or matching placebo (manufactured and supplied by Taro Pharmaceutical Industries, Haifa Bay, Israel) for the first 9 weeks. Further details of randomization are provided in appendix e-1. An independent blinded physician at each site monitored the laboratory test results for safety.
Intervention. DCP is 30 times more potent than acetazolamide in vitro. 24 If a participant was taking either acetazolamide or DCP at enrollment, that medication was immediately stopped and study drug was substituted; there were no washout periods. Participants already taking acetazolamide at enrollment were assigned an equivalent dosage of study medication, calculated as 20% of the acetazolamide dosage. Those taking DCP at enrollment received the same dosage of study medication, and those on no carbonic anhydrase inhibitor received 50 mg bid. HOP patients continued using potassium supplements as required for acute attacks. Study drug was started during a 3-day inpatient visit. If a participant experienced an intolerable adverse event, dosage reduction was permitted. Participants continued the double-blind dosage at entry into the 1-year extension phase, after which dosage adjustment to mimic clinical practice was permitted.
Outcome variables. Double-blind phase. Details regarding participant evaluation are provided in appendix e-1. The primary measure of efficacy was the average number of attacks per week over the final 8 weeks of the 9-week double-blind phase as captured by daily telephone report to an electronic diary (interactive voice response). 25 The first week of diary data was excluded to avoid contamination of the efficacy assessment by the participant's previous treatment, if any. Secondary outcome variables included severity-weighted attack rate (sum of attack severity scores from 1 to 10 over the final 8 weeks of the 9-week doubleblind phase divided by the number of weeks), total attack duration per week (sum of attack durations across all distinct attacks over the final 8 weeks of the double-blind phase divided by the number of weeks), and, for the HOP trial only, the endpoint of acute worsening during the double-blind phase. Acute worsening was defined as an intolerable increase in frequency or severity of attacks, necessitating withdrawal from the 9-week double-blind phase and immediate initiation of the 1-year extension phase. Additional secondary outcome variables included 9-week changes in muscle strength measured clinically (manual muscle testing [MMT] ) and quantitatively (maximal voluntary isometric contraction testing), 26, 27 lean body mass (measured by DEXA), 28 and quality of life (Short Form-36 [SF-36] v2). 29, 30 Safety outcome variables included occurrences of individual adverse events and changes from baseline to week 9 in vital signs, laboratory test results, and neuropsychological test results (Symbol Digit Modalities Test, 31 Profile of Mood States, 32 and Trail-Making Test Parts A and B). 33 One-year uncontrolled extension phase. Outcomes assessed during the uncontrolled extension phase included attack rate, severity-weighted attack rate, total attack duration per week from weeks 54 to 61, and changes from weeks 9 to 61 in measures of strength and lean body mass. Adverse events and other safety outcomes were also assessed.
Statistics. Power calculations based on results from a previous trial 22 using a bootstrap method (see supplementary material for details) yielded a target sample size of 60 HOP participants (30 per group) and 80 HYP participants (40 per group). Due to delays in recruitment, the trial was stopped before the target sample sizes were achieved.
Attack rates were compared between the DCP and placebo groups using Wilcoxon rank sum tests. Participants who reached the endpoint of acute worsening and those who did not report any postbaseline data were included by assigning them an attack rate that was higher than any other observed during the trial. Treatment effects and associated 95% confidence intervals were estimated from the bootstrap distribution of the difference in medians between the DCP and placebo groups (median and 2.5th and 97.5th percentiles). 34 Missing diary entries prior to week 9 were treated as indicating no attack on that day. For participants who prematurely withdrew from the trial, attack rates were computed using all available diary data up until the time of withdrawal. Similar analyses were performed for severity-weighted attack rate and total attack duration per week.
The proportions of HOP participants on DCP or placebo reaching the endpoint of acute worsening were compared with Fisher exact test.
Analysis of covariance, adjusting for the baseline value of the outcome variable, was used to compare the DCP and placebo groups with respect to the mean change from baseline to week 9 in strength, lean body mass, and quality of life outcomes. Missing data at week 9 were accommodated in the analyses using regressionbased multiple imputation with the baseline value of the outcome variable and treatment group included in the imputation model. 35 Changes from baseline to week 9 in vital signs and neuropsychological test results were analyzed similarly. One-sample t tests were used to evaluate the significance of mean changes in strength and lean body mass outcomes from week 9 to week 61. Diary outcomes and adverse events and other safety data from the uncontrolled extension phase were analyzed descriptively.
The analyses of data from the 9-week double-blind phase included all randomized participants in accordance with the intention-to-treat principle, with one exception noted in the Results. All p values reported are 2-tailed and a significance level of 5% was used for hypothesis testing.
RESULTS Participant numbers and flow are shown in the figure. Baseline characteristics are presented in table 1 and discussed in appendix e-1. The participant with negative genetics who was withdrawn from the HOP placebo group represents a misdiagnosis. This individual is from a family with 5 clinically and genetically affected members so the negative genetic test suggests a phenocopy rather than true HOP. Information regarding compliance with study medication, dosage, and assessment of the double-blind is presented in appendix e-3.
Double-blind phase. Efficacy. HOP trial. In the doubleblind phase, median attack rate, severity-weighted attack rate, and attack duration were significantly lower with DCP than with placebo (table 2) . Five participants from the placebo group but none in the DCP group reached the endpoint of acute worsening (p 5 0.01, Fisher exact test).
No treatment effects were apparent on muscle strength, but the DCP group lost lean body mass on average compared to a slight increase in the placebo group (table 2). The mean change in SF-36 v2 Physical Component Summary score indicated quality of life improvement with DCP compared to placebo. Beneficial effects of DCP were also apparent on *Participants who reached the endpoint of acute worsening during the double-blind phase had an early week 9 visit and moved directly into the 52-week uncontrolled extension phase. **Data from one participant in the hyperkalemic periodic paralysis (PP) trial were included in the 9-week phase, but not in the 52-week uncontrolled extension phase as the participant had been randomized to acetazolamide in this phase (the trial was initially designed to include a comparison against acetazolamide; however, the acetazolamide arm had to be abandoned owing to poor recruitment). Forty-five participants were randomized to the hypokalemic PP (HOP) trial, but data from one participant assigned to receive dichlorphenamide (DCP) were not used because the participant did not meet diagnostic criteria for HOP (this participant is not shown in this figure) . The decision to not include the participant was made prior to unblinding. One participant in the HOP trial assigned to receive placebo in the double-blind phase was mistakenly treated with placebo during the extension phase; data from this participant were not included in the analyses of data from the extension phase.
SF-36 v2 subscale scores including Physical Function, Role-Physical, Bodily Pain, Vitality, and Social Functioning (table 2) . HYP trial. The median severity-weighted attack rate was significantly lower in the DCP group than in the placebo group (table 2). Group differences in the median weekly attack rate and duration did not reach significance. No treatment effects were apparent on measures of muscle strength, lean body mass, and quality of life.
Safety. Table 3 shows the adverse events most commonly observed in the double-blind phase.
HOP trial. Paresthesia was more common with DCP than with placebo (38% vs 5%, p 5 0.01). Cognitive disorder (21% vs 10%) and dysgeusia (17% vs 0%) were also more common with DCP, but these group differences were not statistically significant. One participant withdrew from the double-blind phase due to adverse events, primarily "mental fog." One participant developed a rash on DCP. One participant had a serious adverse event (fractured humerus). DCP was associated with decreases in blood pressure, pulse, and weight, as well as worsening in performance on the Symbol Digit Modalities Test (table 4) .
HYP trial. Eight of the 12 participants (67%) on DCP experienced paresthesias compared to 3 out of 9 (33%) on placebo (p 5 0.20). Cognitive disorder occurred in 2 DCP-treated participants but in none on placebo. Two participants developed a rash on DCP. One of these was a serious adverse event and required emergency disclosure of treatment assignment; the rash resolved after discontinuation of DCP and 5 days of hospitalization. DCP was associated with a decrease in systolic blood pressure and with worse performance on the Symbol Digit Modalities Test and Trail-Making test (part A) compared with placebo (table 4) .
Open-label uncontrolled extension phase. Efficacy. HOP trial. At the end of the uncontrolled extension phase (weeks 54-61), the median (interquartile range For diary outcomes (attack rates and duration), values presented are median values for each group over weeks 2-9. Treatment effects (DCP 2 placebo) are computed as the median of the bootstrap distribution of the treatment group difference in median response; the 95% CIs are computed using the 2.5 and 97.5 percentiles of this bootstrap distribution. NA indicates that the 2.5 percentile of the bootstrap distribution was not available because 2 of the 9 participants in the placebo group reached the endpoint of acute worsening and thus were assigned an arbitrarily large attack rate (or duration) for purposes of analysis. p Values are computed using a Wilcoxon rank sum test, with those who reach the endpoint of acute worsening assigned an arbitrarily large attack rate (or duration) for purposes of analysis. For all other (non-diary) outcomes, values presented are mean changes from baseline to week 9, treatment effects (DCP 2 placebo), 95% CIs, and p values, all obtained from an analysis of covariance model that adjusts for the baseline value of the outcome variable. Missing data are accommodated using multiple imputation (see text for details).
[IQR]) attack rate was reduced to 0. At the end of the uncontrolled extension phase (weeks 54-61), the median (IQR) attack rate was reduced to 0.9 (0.0-1.4) in participants who had been on placebo (n 5 7) and 0.3 (0.1-1.3) in participants who had been on DCP (n 5 9) in the doubleblind phase. The median (IQR) severity-weighted attack rate was 2.4 (0.0-3.9) in participants who had been on placebo and 0.9 (0.3-2.5) in participants who had been on DCP. The weekly total attack duration was 8.0 (0.0-107.6) in participants who had been on placebo and 9.9 (0.2-21.0) in participants who had been on DCP. No significant changes in Table 3 Adverse events in the double-blind phase 
Values presented are the number (%) of participants who reported at least one occurrence of the event. muscle strength scores or muscle mass were observed during the extension phase. Safety. HOP trial. Of the adverse events during the extension phase that were classified as possibly, probably, or definitely related to treatment (table e-3), the most common was paresthesia, which was assigned in 10 of 40 participants (25%) as probably related and in 2 of 40 (5%) as possibly related. The second most common was cognitive disorder. Of the 39 participants who underwent the final assessment for renal tract calculi, 7 developed new calculi during the trial and 2 showed an increase in size or number of preexisting calculi.
Ten HOP participants withdrew from the extension phase of the trial. One of these was discovered to have pancreatic cancer. Five experienced tiredness, fatigue, or mental slowness sufficient to impair performance at work. One, who had never tried carbonic anhydrase inhibitors, experienced worsening attacks and was discovered to have a sodium channel mutation (R222W mutation). The drug was stopped and the participant withdrawn from the trial. One participant withdrew due to painful kidney stones, and 2 others withdrew for intolerable but unspecified adverse events.
HYP trial. Of the adverse events during the extension phase that were classified as possibly, probably, or definitely related to treatment (table e-3), the most common was paresthesia, which was assigned in 2 of 17 participants (11.8%) as possibly related, in 6 of 17 (35.3%) as probably related, and in 1 of 17 (5.9%) as definitely related. The only other adverse event that occurred in more than one participant was memory impairment, which was assigned in 1 of 17 (6%) as possibly related to treatment and in 1 of 17 (6%) as probably related to treatment. Of the 14 participants who underwent the final assessment for renal tract calculi, only 1 developed new calculi.
DISCUSSION This parallel-group trial strengthens the evidence 22 for the beneficial effect of DCP in HOP. In addition, it shows that DCP improves quality of life in HOP, and that its efficacy is maintained in the long term.
The majority of HOP participants on DCP in this trial experienced less than 1 attack per week compared to more than 2 attacks per week on placebo. A quarter of the HOP participants on placebo but none of those on DCP had intolerable attacks and had to be moved into the extension phase before completing the 9-week double-blind phase. Upon entering the uncontrolled phase, HOP participants previously treated with placebo appeared to benefit substantially from the introduction of DCP, and there was continued control of attacks in participants already taking DCP. This is an important observation suggesting persisting efficacy of DCP well beyond the time window of previous trials of this agent.
For the majority of participants, DCP was welltolerated, and the benefits on quality of life appear to outweigh the side effects. Twelve of the 65 randomized participants (18%; 9 HOP and 3 HYP) withdrew from the trials due to adverse events while being treated with DCP, most during the long-term extension phase (8 HOP and 1 HYP) . In both trials, the most common adverse event was paresthesia, but this was transitory and never the cause of withdrawal. Kidney stones, another potential problem with carbonic anhydrase inhibitors, 36 were a cause of drop-out in only one participant. The second most common adverse event was slowed cognition; patients, particularly those in cognitively demanding professions, should be counseled about this side effect. There was an apparent decrease in muscle mass associated with DCP in the HOP trial; however, this may be due to an artifact (reduced muscle water content) of DCPinduced diuresis.
The main shortcomings of these trials were the lack of comparison against acetazolamide and the limited number of participants. The PP are exceedingly rare diseases (HOP prevalence 1/100,000; HYP prevalence 1/250,000).
1-3 In the United States, inclusion of acetazolamide in the original design discouraged many potential participants. In the European Union, local ethics and research and development bureaucracy was a major barrier, with Italy and the United Kingdom entering the trial late, and France not at all.
Insufficient numbers of participants precluded analysis by genetic subgroup. Mutations were identified in 75% of HOP participants and in 67% of HYP participants either prior to or following enrollment. The most common were T704M in the HYP trial and R528H and R1239H in the HOP trial. Qualitative assessment of the effect of DCP treatment in subgroups defined by mutation type did not reveal any major subgroup differences in the effect of DCP on attacks other than worsening of attacks in the HOP patient with NaV1.4 pR222W. Genetic confirmation of included patients was lacking in more than 25%. This is in agreement with published data 3 and supports the idea that the study reflects patients with PP in the general population.
DCP was available for off-label prescription for PP until 2002, when the drug stopped being marketed for glaucoma. As a consequence, DCP became unavailable for patients with PP in many countries until Food and Drug Administration approval in August 2015. Our findings support the idea that DCP would benefit many patients with PP.
